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Buckling of Carbon Honeycombs -A New Mechanism for
Molecular Mass Transportation
when subjected to the uniaxial compression in the armchair and zigzag directions, respectively. In particular, the nonlocal effect originating from van der Waals interactions greatly reduces the ability of CHCs to resist structural instability and leads to early onset of CHC buckling. The buckling of CHCs is expected to be instrumental in the future applications of CHC structures. As an example, we show that an effective transportation of molecular mass enabled by the local buckling of CHCs is promising for the future CHC-based gas storage. In particular, the key issue to implement the transportation of the adsorbed gas molecules inside CHCs is to optimise the geometric size of CHCs in favour of the local buckling rather than the global buckling.
The discovery of novel carbon allotropes such as zero-dimensional fullerene, onedimensional carbon nanotube (CNT) and two-dimensional graphene has triggered intense research on various carbon-based nanomaterials (CBNs). In the past decades, the studies were mainly focused on revealing the physical and chemical properties of these CBNs. [1] [2] [3] [4] Recently, efforts have been shifted to the design of carbon-based super-architectures constructed by the units of fullerene, CNT and graphene. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] A typical example is the most recently synthesised three-dimensional carbon honeycomb (CHC) structure comprising of the element of graphene. 10 It was assumed in the experiment 10 that a CHC structure consists of zigzag-edged graphene nanoribbons and the three adjacent nanoribbons are linked together by a line of sp 2 -bonded carbon atoms. However, recent theoretical studies indicated that a CHC structure is stable only when the junctions are formed by sp 3 rather than sp 2 bonding. 16, 17 Actually, the first theoretical report of these CHC structures by
Karfunkel and Dressler 11 can be dated back to 1992 and then followed by a series of investigations on their structural stability. [12] [13] [14] [15] Nevertheless, the computational simulations on the material properties of CHCs were not available in the literature until very recently. For example, ab initio simulations, first-principles calculations and molecular dynamics (MD) simulations have been employed to characterize the formation energies, electronic properties, thermal properties, magnetic properties and mechanical properties of CHCs. [12] [13] [14] [15] [16] [17] [18] [19] [20] The results show that CHCs possess high structural stability comparable to the most stable phases of carbon materials (graphite and diamond). 15 Recent MD simulations reveal that CHCs have a very high thermal conductivity. [17] [18] [19] In addition, the electronic band structure and electronic density of states of CHCs are found to be size-dependent, similar to their nanotube counterparts. 15 Moreover, the elastic properties of CHCs calculated in the densityfunctional-based tight-binding method 15 and MD simulations 16 are found to be in the range 3 between the values of graphite and diamond. The mass densities of the CHC are smaller than those of the graphite. 13 These unique properties make CHCs promising for a broad range of applications in next-generation nanodevices and nanocomposites. In particular, CHCs are proven to have great potential for the gas storage due to their low density and large surface area per unit mass. 10, 15, 18, 21, 22 On the one hand, the potential gas storage application requires CHCs to resist the buckling due to mechanical loads. This becomes a major issue as the component graphene element in CHCs is the thinnest film in the world associated with a very small bending modulus. Thus CHCs are prone to buckle due to the compression which unfortunately happens to be the loading sustained by CHCs in the gas storage. Actually, the buckling instability is a common failure mechanism of CBNs, which was also observed in other CBNs, including CNTs, [23] [24] [25] [26] [27] [28] [29] [30] carbon nanoscrolls, 31, 32 graphene sheets, 33, 34 and CNT networks. 35 The buckling behaviours of these CBNs have been well investigated to date. Nevertheless, little is known about the buckling behaviours of the newly fabricated CHCs. On the other hand, although many studies have revealed that CHCs possess high storage capacity for gas molecules, 10, 18, 21, 22 how to shuttle the gas molecules adsorbed inside CHCs is another crucial but largely unexplored issue for the success of CHC-based gas storage.
This has been unclear until recent studies on CNTs and carbon nanoscrolls showing that the buckling of CBNs provided an effective atomic transportation mechanism. 31, 36, 37 Inspired by these research progresses we are interested in studying the gas molecules transportation via CHC buckling. The above discussions show that an in-depth understanding of the buckling behaviour is essential for the successful application of CHCs.
In this paper, the buckling instability of CHCs under uniaxial compression has been studied by MD simulations. Two topographically different buckling modes have been detected when the 4 external compression on CHCs is applied along different directions. Then, effort was invested to reveal the physical mechanisms behind the unique behaviours via a theoretical analysis. In addition, a case study was conducted showing that the local buckling of CHCs can be employed as an efficient means to transport the gas molecules adsorbed inside the CHCs. This may provide a new avenue to the development of CHC-based nanotechnology for molecular transportation.
MD simulations on CHCs
As a sophisticated modelling technique for nanomechanics, MD simulations have been widely accepted in studying the structural instability of various CBNs including CNTs, carbon nanoscrolls and graphene sheets. 23-25, 27-29, 31-33 In present study, classical MD simulations will be adopted to study the buckling behaviours of CHCs. Here, we considered a CHC structure consisting of zigzag-edged graphene nanoribbons (see Figure 1a ). In the CHCs studied here all three adjacent nanoribbons were linked by a line of sp 3 -bonded carbon atoms. The structure of such a triple junction is shown in the Supporting Information ( Figure S1 ) and proven to be stable in pervious theoretical studies. 16, 17 In the present simulations, the interactions between two carbon atoms were described by the adaptive intermolecular reactive empirical bond order (AIREBO) potential, 38 which is able to well represent the thermal and elastic properties of CHC structures. 16, 18 During the simulations, CHCs were firstly relaxed to a minimum energy state using the conjugate gradient algorithm. Then MD simulations were performed with the following procedure.
First, CHCs were completely relaxed for a certain period (20 ps was used in this step) to minimize the internal energy and reach an equilibrium state. In doing this, the NVT ensemble (constant number of particles, volume and temperature) with the aid of the Nosé-Hoover thermostat algorithm 39 was employed to maintain a constant temperature. In the present study, the system 5 temperature was set at 1 K to reduce the random thermal fluctuation effect. Moreover, the velocity Verlet integration algorithm with the time step of 0.5 fs was utilized to integrate Hamiltonian equations of motion determined by Newton's second law. After the full relaxation, the CHCs were quasi-statically loaded under uniaxial compression. To reach this goal, one end of the CHCs was fixed and the opposite end was pushed along the x or y direction (see Figure 1 ). This created a ramp velocity profile where the velocity rises from zero at the fixed end to its maximum value at the free end. To avoid the crystalline defects normally produced due to a high rate of loading we chose a relatively low strain rate of 0.001 ps -1 in the present simulations. Finally, the system was relaxed for 1 ps to allow the CHC to reach a new equilibrium state. In this step the axial stress  taken as the arithmetic mean of the local stresses on all atoms was recorded. Here  is defined as follows:
where i m is the mass of atom i, and j, i V refers to the volume of atom i, which was assumed as a hard sphere in a closely packed undeformed crystal structure, and N is the number of atoms.
By repeating the above process, a CHC is compressed continuously until the required strain or stress has been obtained. In the present study, all MD simulations were conducted using a largescale atomic/molecular massively parallel simulator (LAMMPS) 41 with non-periodic boundary conditions in all directions.
Results and discussion
In this section we will study the buckling behaviour of CHCs based on the MD technique detailed above. Unless otherwise specified, in this study we will consider a CHC whose length in the x direction, i.e., Lx in Figure 1b , is 30 Å, length in the y direction, i.e., Ly in Figure 1b , is 37 Å and thickness t is 7.5 Å. The cell length l (or the length of the component graphene element) of the CHC is 3.55 Å. We can see from Figure 1b that a CHC shows a "zigzag" configuration along the x direction and an "armchair" configuration along the y direction. The distinct configurations of CHCs along the x and y directions suggest that CHCs could be an anisotropic structure with different mechanical properties in the x and y directions. Motivated by this idea, in this section we will study the influence of the configuration on the mechanical responses of CHCs subjected to compression in the x and y directions, respectively.
Buckling modes in CHCs
In Figure 2a we show the stress-strain relation for the CHC when it is compressed along the y direction. Here, the circle-marked line and square-marked line represent the results obtained Further raising the strain up to a certain critical value results in a sudden jump of the stress, signifying the onset of the initial local buckling in the CHC. The buckling mode is shown in Figure   2c , which is similar to the buckling deformation reported by Zhang et al. 16 in their very recent studies of CHC mechanics and the one achieved for the macroscopic honeycomb structures under a uniaxial compression. 42 Here, the strain at the onset of CHC buckling is defined as the critical buckling strain cr and the associated stress is referred to as the critical buckling stress cr. From Figure 2a we can see that cr obtained by considering the vdW interaction is 13.8 GPa which is 10% smaller than cr calculated without the vdW interaction. The lower cr obtained for the CHC is possibly due to the so-called nonlocal effect originating from the long range vdW interaction considered. 43 In fact, Figure 2c shows that the local buckling of the CHC is triggered by the Euler buckling of its component graphene elements. As shown in Figure 1 and pointed in ref 10 the characteristic length of the component graphene elements in CHCs (i.e., l in Figure 1b ) is usually very small. Thus the corresponding nonlocal effect is higher leading to lower Euler buckling load of the component graphene elements [43] [44] [45] and accordingly, the smaller cr of the CHC structure.
Specifically, as explained in ref 45 , the nonlocal constant (e0a) reflects the pre-stress in the component graphene due to the long range vdW interaction. 43 After the initial CHC buckling, we see a strain hardening effect where further enhancing the compressive stress yields a greater strain. In particular, the same increment of the strain requires a higher stress in the presence of the vdW force. Thus the slope of the circle-marked line (with the vdW interaction) is greater than the slope of the square-marked line (without the vdW interaction). When the strain further increases to a critical value (0.26), another sudden drop of stress, i.e., the second buckling, is observed for the CHC when the vdW interaction is considered.
This leads to a topographically change shown in Figure 2d where the global buckling mode is 8 achieved, which is characterised by the sideways deformation of the whole CHC structure. On the other hand, the (second) global buckling does not occur for the CHC when the vdW interaction is not taken into considered (see Figure 2e ). Form these results it follows that the vdW interaction or the nonlocal effect has no influence the pre-buckling properties of CHCs when there is the uniform deformation without any strain gradient. It however significantly affects the buckling and postbuckling behaviours of CHCs when the non-uniform deformation appears with large strain gradients. This phenomenon can be well understood by the Eringen's nonlocal elastic theory, 43 where the gradient-dependent constitutive equations are introduced to represent the nonlocal effect at the nanoscale. 43 Our results to some extent confirm that the vdW interaction exerts the influence on the mechanics of CHCs via the nonlocal effect or the physical origin of the nonlocal effect on
CHCs is the vdW interaction between carbon atoms.
Next, we will study the mechanical response of CHCs when they are compressed along the x direction. Similar to Figure 2a , we see from Figure 3a that when the CHC is compressed along the x direction the monotonic increase with rising strain is observed for the stress with no significant change in the configuration of the CHC (see Figure 3b) . When the strain rises to a critical value the stress is found to suddenly drop, showing the occurrence of the initial local buckling. The local buckling mode of the CHCs is shown in Figure 3c , which is found to be topographically different from the buckling mode of CHCs compressed in the y direction (see Figure 2c ). In the post-buckling process the second abrupt drop in stress is also observed, corresponding to the global buckling of the entire CHC structures (see Figure 3d ).
In the present study, attention is mainly focused on the buckling modes of pristine CHCs.
However, defects such as vacancy and Stone-Wales (SW) defects may appear during the fabrication of CBNs. 46 In a very recent MD simulation on CHCs, the SW defect is found to 9 decrease the critical buckling load but its influence on the buckling mode is trivial. 16 To further study the effect of the vacancy, another common defect observed in CBNs, we have performed MD simulations on the buckling of CHCs in the presence of vacancies (see Figure S2 in the Supporting Information). The simulations show that, the critical buckling stress of the defective CHCs is reduced by 8.5% and 10.3%, respectively, relative to that of pristine CHCs when they are compressed along the x and y directions. The buckling mode however is topographically similar to that of pristine CHCs. These behaviours are detected in most cells of the defective CHCs except for a few nearby the defect (see Figure S2 in the Supporting Information) and consistent with the observations in ref 16 for the SW defects.
According to the previous theoretical and experimental studies on the macroscopic honeycomb structures, 42, 47 no local buckling occurs for the honeycomb compressed uniaxially along the x (zigzag) direction. This is confirmed in our finite element (FE) simulations on macroscopic honeycombs but contrasts the present MD simulations on the nanoscale CHC, where the local buckling is achieved. In the present study, the FE calculations were carried out using the commercial code ANSYS. In this process, BEAM3 element was selected to describe the elastic wall of the honeycomb structure. The FE model and the buckling analysis method are detailed in the Supporting Information. To explain the discrepancy due to the length scale change, we showed in Figure 4a the stress distribution of a CHC after the initial structural relaxation. The residual compression is detected for the CHC, which is thought of being a result of the edge effect in the component graphene element. 48, 49 In the present study the residual compressive stress is detected to be around -0.93 GPa. This residual compressive stress is smaller than the critical buckling stress cr, but may significantly affect the buckling behaviours, since it is of the same order of magnitude of cr. In the presence of the residual compressive stress, the CHC is actually subjected to an equivalent biaxial compression when the uniaxial external compression is applied. Specifically, when the external load is applied in the y direction, the resultant stress in the y direction (yy)
should be larger than the one in the x direction (xx), i.e., yy > xx or vice versa, i.e., xx > yy.
Based on FE simulations, in Figure 4b and 4c we showed the buckling modes of the honeycomb structures under the two biaxial compression states, i.e., yy > xx and xx > yy. It is noted that when yy > xx, the buckling mode obtained in FE simulations is similar to the one of the CHC compressed in the y direction only (see Figure 2c) . The good agreement is also achieved between the two cases for xx > yy (see Figures 3c and 4c ). These comparison results indicated that the residual stress in CHCs should be taken into consideration in the buckling analysis of the CHCs. In other words, an equivalent biaxial compression state should be considered even if an external load is applied in only one direction. The biaxial compression the CHCs leads to different buckling modes, depending on the direction of the applied compression.
Molecular transportation via CHC local buckling
As reviewed in the introduction, CHCs have great potential for gas storage due to their high porosity and accessibility. 10, 15, 18, 21, 22 For example, it is shown that CHCs possess high storage capacity for hydrogen (H2) molecules 21 and carbon dioxide (CO2) molecules. 18 Such a gas storage application of CHCs requires them to sustain the mechanical load without buckling.
Another crucial but largely unexplored issue for this application is how to shuttle the gas molecules adsorbed inside CHCs. In what follows, taking the hydrogen gas molecules as an example we will demonstrate an effective mechanism of molecular mass transportation enabled by the local buckling of CHCs. In this simulation, a CHC was initially immersed in a hydrogen reservoir whose pressure was kept at 1 MPa. After that, two hydrogen molecules were found to adsorb in each cell of CHCs (see Figure 5) , which corresponds to a gravimetric hydrogen uptake of 1.04 wt. %. It is noted that the gas storage capacity of CHCs strongly depends on the cell size of CHCs: CHCs with larger cell possess larger storage capacity. 18, 21 Thus, the hydrogen storage capacity of CHCs can be raised by increasing the cell size of CHCs. In this study, the non-bonded vdW interactions of carbon-hydrogen were simulated by the Lennard-Jones atomic pair potential:
Here, r is the hydrogen-carbon atomic pair distance,  = 0.003 eV and  = 3.18 Å. 50 Firstly we will compress the CHCs adsorbed with hydrogen along the y direction. The stress-strain relation during the compression process is plotted in Figure 6a . Similar to the CHCs without hydrogen (Figure 2a) , we can see from Figure 6a that the stress initially increases with increasing strain linearly and then suddenly falls down when the stress (or strain) reaches a critical value cr (or cr), corresponding to the local buckling of CHCs. Compared with the CHCs without hydrogen, the present CHCs adsorbed with hydrogen is found to be more stable, since cr = 20
GPa in Figure 6a is much larger than 13.8 GPa obtained in Figure 2a . The enhanced cr is attributed to the repulsive interaction between the central hydrogen molecule and its surrounding carbon atoms in the cell wall (graphene element) of the CHCs. In Figure 6b we present the residual stress in the CHCs adsorbed with hydrogen before the external compressive stress is applied. Comparing this figure with Figure 4a we can see that due to the effect of the repulsive interaction the residual stress in the CHCs adsorbed with hydrogen is much smaller than that in the CHCs without hydrogen. The smaller residual compressive stress in CHCs will thus raise the critical buckling stress of CHCs.
In Figure 6c and 6d we show the configuration of the CHCs adsorbed with hydrogen just before and after the buckling. We can see from Figure 6c that before the CHC buckles all hydrogen molecules can adsorb inside the CHC just like the case without external compression (see Figure   5 ). However, after the CHC buckles, the shape of the cell in the CHC will topographically change, resulting in the decrease of the size of the cell. Decreasing size of the cell of the CHC imposes increasing repulsive net forces on the adsorbed hydrogen molecules due to the nature of hydrogencarbon vdW interaction. As a result, it is observed in Figure 6d that up to 91% of the hydrogen molecules were pushed outside the CHC after the CHC buckles. After releasing the external compression and relaxing the CHC again, the CHC can recover to its initial configurations. In other words, such a CHC-based gas storage can be used repetitively without causing any damages.
From above analysis, we see that the local buckling of CHCs offers an efficient technique to transport the gas molecules adsorbed inside the CHCs.
Next, we will compress the CHCs adsorbed with hydrogen along the x direction. An abrupt drop of the stress is also detected in the stress-strain curve shown in Figure 7a . However, in Figure   7c this stress drop corresponds to a global buckling rather than a local buckling. In other words, the local buckling instability will not occur for the CHC (filled with hydrogen) subject to a uniaxial compression in the x direction. As we illustrated in Section 3.1 a compression along the x direction leads to the local buckling only when CHCs are under a biaxial compression state. As for the CHCs without hydrogen, they are under the biaxial compression state even an external compression is imposed in one direction. On the other hand, when the hydrogen molecules are inserted into the cell of the CHCs, the hydrogen-carbon vdW interaction will induce the repulsive net forces on the cell wall (component graphene element), which will greatly decrease the residual compressive stress in the CHCs (see Figure 6b ) and can even turn the residual compressive stress into a tensile stress. Under this circumstance, the CHC is subjected to a compression only along the x direction where the load is applied. The local buckling instability thus will not occur for the hydrogen filled
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CHCs compressed in the x direction only. Thus, in Figure 7c the hydrogen molecules still stay inside the CHCs even after the global buckling of CHCs. This is because that the global buckling of the CHCs occurs without local distortion of the CHCs and thus cannot reduce the cell size significantly to squeeze the hydrogen out. Comparing Figure 7c with Figure 6d we can come to the conclusion that only the local buckling rather than the global buckling of the CHCs can be employed to transport the gas molecules adsorbed inside the CHCs. Moreover, it is also found that compression in the y direction is more efficient than the one along the x direction in generating the local buckling. The x direction compression may not lead to the local buckling due to the repulsive interaction between the adsorbed molecules and the surrounding carbon atoms on the cell wall. It is worth pointing out that the mechanism demonstrated in this paper may also have impacts on the transportation of other molecules, such as water molecules, fullerenes, nanoparticles, and deoxyribonucleic acids, as the transportation mechanism proposed here is essentially driven by the nonbonded vdW interaction of the molecules and the cell wall of CHCs.
To utilize the local buckling for transporting the gas molecules, we may optimize the geometry of the CHCs firstly to induce the local buckling rather than the global buckling. Previous studies on CNT buckling show that the local-to-global buckling mode transition of nanostructures is largely determined by their aspect (length-to-thickness) ratio. 25, [27] [28] [29] Therefore, considering a uniaxial compression along the y direction we have investigated the influence of the geometric size on the buckling behaviours of CHCs by changing their length Ly or thickness t. In Figure 8 we plotted the critical buckling stress cr with respect to the length-to-thickness ratio ( / Figure 8 ).
Conclusions
Based on MD simulations we have studied the buckling behaviours of CHCs subjected to uniaxial compression. The residual compressive stress is found in CHCs due to the edge effect of the component graphene element. It results in a biaxial compression on the CHCs when compression is applied in armchair or zigzag direction. When the applied uniaxial compression exceeds a critical value, CHCs will exhibit two topographically different local buckling modes associated with the equivalent biaxial compression. It is found that the critical buckling stress (strain) is greatly reduced due to the nonlocal effect originating from the vdW interaction in CHCs.
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The local buckling of CHCs is shown to be an efficient means to transport the gas molecules adsorbed inside the CHCs, which is promising for the future gas storage application based on CHCs. To implement this technique, the length-to-thickness ratio of the CHCs should be kept smaller than a critical value to induce the local buckling that is necessary for the transportation of gas molecules inside the CHCs. 
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